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T
he spleen serves as the largest filter of blood in the human body by initiating immune responses against blood-borne microorganisms and removing abnormal blood cells (1) . Two major structural features of the spleen enable its critical functions: the white pulp (including the marginal zone), which contains the majority of immune effector cells, and the red pulp, a reticular meshwork that filters abnormal red blood cells (RBCs) (2) . In humans, 76 to 79% of the spleen is made of red pulp, a dense meshwork composed of splenic cords and splenic sinuses. Previous studies on different animal (dog, cat, and rat) models revealed that from 90% (3) (4) (5) to 10% (6) of total splenic blood undergo so-called "closed circulation," during which RBCs traverse venous sinuses bypassing the red pulp; open circulation occurs in the remaining blood, whereby RBCs enter the reticular meshwork, following slow microcirculation (1, 7) . The structural and mechanical quality of the RBCs is ascertained by the mechanical constraint imposed by the meshwork in the red pulp, where old and abnormal RBCs that are less deformable are retained and eventually removed by phagocytosis (7) .
The important implications of RBC deformability in the pathogenesis of malaria have been extensively discussed (8) (9) (10) (11) (12) (13) . A significant decrease in RBC deformability arising from Plasmodium falciparum invasion was observed in vitro with different measurement techniques, including optical tweezers (9) , micropipette aspiration (13) , RBC membrane fluctuations (i.e., diffraction phase microscopy) (12) , and probing of cells under flow (i.e., microfluidic flow cytometry) (10) . Such parasitization of RBCs has been shown to increase their stiffness manyfold, with their elimination by mechanical filtration expected to compromise their microcirculation (8) .
The connection between RBC deformability and splenic clearance has been demonstrated in a series of ex vivo spleen studies (7, (14) (15) (16) (17) . Splenic retention of both ring-stage malaria-infected RBCs (iRBCs) and artificially hardened (17) (by heating) uninfected RBCs (uRBCs) was observed via ex vivo perfusion of human spleen (14) . It is evident that, besides possible molecular interactions, the mechanical properties of RBCs play a vital role in the process of splenic RBC clearance. This was further validated by experiments that mimicked splenic retention in vitro using a microsphere filtration system (16) .
In fact, the role of the spleen in influencing the pathogenesis of malaria has been well documented in a number of clinical studies. Splenomegaly (enlarged spleen) is a characteristic clinical consequence of malaria infection, and therefore, the size of the spleen has been used to estimate the intensity of malaria transmission (2) . Clinical studies involving radioactively labeled RBCs revealed that patients with an enlarged spleen display a more rapid clearance of RBCs than patients with a normal spleen (18) . It has been proposed that splenomegaly modifies blood microcirculation and splenic filterability (2) . Studies on splenectomized hosts that show higher fatality rates and delayed parasite clearance after antimalarial treatment (19) also point to the role of the spleen in the clinical outcomes for malaria patients.
Experiments also suggest that splenic retention of RBCs could contribute to malarial anemia (17) , which is a common consequence of severe malaria associated with high mortality (20) . Excessive splenic clearance of RBCs is considered a likely mechanism for malarial anemia (17) . However, removal of only the iRBCs cannot be the primary cause of such massive blood loss (20) , particularly since clinical studies do not find a correlation between severe malarial anemia and a high parasitemia level in the patient (21, 22) . These observations suggest the possibility that excessive clearance of uRBCs could play a key role in the development of malarial anemia. While this process is not fully understood, several mechanisms have been proposed for the increased clearance of uRBCs, including the activation of splenic macrophages and enhanced splenic mechanical retention by altering the mesh size of spleen red pulp (20) .
How antimalarials influence RBC retention in the spleen could consequently impact the outcomes of malaria therapy; however, the mechanical impact of chloroquine (CQ) on host RBCs has not been explored. In the past, the inhibition of hemozoin formation was inferred as a key mechanistic consequence of chloroquine treatment (23) . Hemozoin is a nontoxic crystal synthesized by the parasites as they digest RBC hemoglobin (Hb) and release highly toxic (ferriprotonporphyrin IX) ␣-hematin (24) . Since hematin may lead to RBC membrane disruption and eventually host cell lysis (25) , the parasites need to convert hematin to hemozoin for their own survival. It is known that CQ can prevent hematin polymerization (23), but whether it also modifies host RBC deformability and consequently alters splenic RBC retention is unknown.
Although ex vivo studies (14) of human spleen show retention of both iRBCs and artificially hardened uRBCs, little is known about the RBC splenic clearance during the course of malaria infection and antimalarial treatment. Furthermore, a better understanding from in vivo studies of possible connections between the mechanical retention of RBCs in the spleen and excessive blood loss or anemia is needed. The dynamic splenic response interweaves host, parasite, and antimalarial drugs in such a complex manner that ex vivo spleen studies alone are insufficient to predict the role of splenic retention in influencing any anemic response in the host. Therefore, a quantitative and more direct measurement of the deformability of both spleen minced blood (SMB) (see "Animal preparation" below) and peripheral venous blood (PVB) in healthy and malaria-infected host is highly desirable.
The rodent malarial model has been commonly used to complement the research on Plasmodium falciparum (20, 26) . Splenic clearance of parasitized RBCs was determined to play an important role in both humans (17) and mice (27) . In this study, we identified Plasmodium yoelii as the most relevant rodent model to study in vivo splenic RBC clearance, for it shares similar invasion characteristics (28) with Plasmodium falciparum. Careful consideration was also given to the structural similarities and differences between human and mouse spleens. Human spleen is sinusal (29) ; human RBCs (8 m) have to squeeze through the interendothelial slits (ϳ1 m) (16) in venous sinus walls, which act as a mechanical filter to abnormal or stiffened RBCs (5) . In comparison, though mouse spleen is arguably classified as nonsinusal (5), the fenestrations in the walls of mouse pulp venules are so small (1 to 3 m) (30) compared to murine RBCs (ϳ6 m) that they still function just like venous sinus and mechanically trap less-deformable RBCs (31) .
To assess the deformability of RBCs in mouse spleen, we extracted mouse RBCs from both PVB and SMB and quantitatively evaluated the deformability of the RBCs using a microfluidic deformability cytometer (10) . Several important aspects relating to splenic RBC retention were explored: first, we established the correlation between the in vitro deformability assay and in vivo splenic retention; second, the effects of malaria infection and/or antimalarial drug treatment on RBC deformability as well as on splenic RBC retention were investigated; and third, we attempted to use 2 different approaches to estimate the splenic retention threshold based on RBC deformability. Physically, the retention threshold is decided by the effective pore size of the reticular meshwork or the splenic slits, as well as the RBC geometry (size and shape) and membrane stiffness. In this study, we estimated the retention threshold below which RBCs are considered to be most likely retained, expressed as a fraction of normalized PVB velocity. Finally, the possible anemic effect related to increased splenic retention, in both infected and uninfected mice and with or without drug treatment, was investigated.
MATERIALS AND METHODS
Murine model for malaria infection. Four-to six-week-old male or female BALB/c mice were infected with 1 ϫ 10 5 parasites of Plasmodium yoelii YM by intraperitoneal (i.p.) injection. Blood smears from these infected mice showed 1 to 10% parasitemia at approximately 4 days postinfection. Mice were then injected with drug or phosphate-buffered saline (PBS) for 3 consecutive days by i.p. injection as described below.
Microfluidic deformability measurement. The deformability of single RBCs was assessed using a microfluidic deformability cytometer (see Fig. S1B in the supplemental material) as described previously (10) . Blood samples were diluted to 0.1 to 1% hematocrit before loading to the system to minimize cell-cell interactions. The system was operated in pressuredriven mode. RBC movement in the main channel was captured by a charge-coupled device (CCD) camera and the video could be postanalyzed using ImageJ software. The deformability for every RBC was characterized by its average traverse velocity across repeated bottleneck structures. The device channel height is 4.2 m which ensures white blood cells and other cells from splenic minced blood to stay in the reservoir and not enter the main channel. However, we note that due to the extremely complex cell mixtures in spleen minced sample (especially from the infected mice), device throughput is limited. In the present study, we still managed to measure a reasonable sample size, which are larger than other conventional RBC deformability measurement methods such as micropipette aspiration or optical tweezers, for all conditions. Animal preparation. Adult BALB/c mice each weighing approximately 20g were used for our experiments. Four treatment conditions were included: healthy mice/saline, healthy mice/CQ, malaria-infected mice/saline, and malaria-infected mice/CQ. Prior to the experiments, approximately 10 l venous blood was taken from all mice for baseline measurements for both RBC deformability studies and Hb assays. During the experiments, the healthy mice were bled (approximately 10 l) on alternating days and the malaria-infected mice were bled only on the first and the last experimental days. The spleens of all mice were harvested when they were culled. Spleens were minced with sterile scissors and forceps. The extracted blood was washed three times before being loaded to the device.
Drug treatment. Chloroquine diphosphate salt (Sigma-Aldrich) was dissolved in deionized (DI) water at a final concentration of 100 mM and stored at Ϫ20°C freezer. A working dose was then prepared weekly by diluting the stock solution with 1ϫ PBS at a ratio of 2:11 and stored at 4°C. The mice received 100 l diluted CQ solution daily via i.p. injection. In the control groups, mice were injected with 100 l sterile PBS solution. Three consecutive days of CQ or saline treatments were carried out for all malaria-infected mice, and their spleens were harvested. For healthy mice, the drug effect was studied over CQ treatment days. Mice received 4, 6, or 8 days of consecutive CQ or saline injection before being culled on the following day (see Fig. S1A in the supplemental material).
Sample preparation. To differentiate iRBCs from uRBCs, Hoechst dye (33342; Sigma) was added to the sample 20 min prior to the microfluidic flow cytometry experiment so that the infected cells were fluorescent under UV excitation. A fixed interpillar gap size of 3 m was used for all mouse RBC deformability measurements to achieve the best deformation differentiation. The microfluidic device is precoated with 1% bovine serum albumin (BSA) (or 20% fetal bovine serum [FBS] ) to minimize confounding effects due to RBC adhesion.
Experimental flow chart. The deformability of RBCs was investigated in uninfected or P. yoelii (YM)-infected BALB/c mice. Figure S1A in the supplemental material shows the flow chart for one experimental round, consisting of 6 healthy mice and 6 P. yoelii infected mice. At least three experimental rounds were performed to achieve sufficient mouse and cell counts for all characterizations (including microfluidic deformability, microscopy morphology, micropipette aspiration, hemoglobin assay, and spleen mass and size quantification). For the experiments involving only healthy mice, three of them received 750 g (i.e., approximately 30 mg/ kg) of chloroquine (CQ) via intraperitoneal (i.p.) injection daily (32, 33) and were therefore referred as healthy/drug mice. The remaining three healthy mice received an equal volume of 1ϫ phosphate-buffered saline (PBS) solution and were termed healthy/control mice. On experimental day 1, approximately 10 l of blood was extracted from all healthy mice to establish baseline measurement. After 4 consecutive days of CQ or PBS treatment, one mouse each from the healthy/control and healthy/drug groups was culled on day 5. Both peripheral venous blood (PVB) and splenic minced blood (SMB) (34) were collected for subsequent measurement. CQ and PBS treatment continued for the remaining four healthy mice, and the procedure was repeated on days 7 and 9 until all mice were culled. For the experiments involving infected mice, 10 5 parasites of P. yoelii YM were injected in all 6 mice at 2 to 3 days prior to the experiment. The parasitemia was monitored by Giemsa-stained thin blood smear every 24 h. When parasite levels first reached Ͼ1% for all infected mice, 10 l blood was taken for baseline measurement (i.e., experimental day 1). At this stage, three infected mice received CQ drug treatment (the malaria/ drug group), and the remaining three mice received a PBS placebo (the malaria/control group) for 3 consecutive days. All mice were culled on day 4, and the PVB and SMB were collected. At this stage the malaria/drug mice had an average parasitemia of less than 1%, while the malaria/control mice had an average parasitemia of 50 to 90%. It is noted that more than three experimental rounds were carried out to ensure data reproducibility among different animals and to achieve sufficient data points for statistical analysis. All studies involving mice were approved by the Institutional Animal Care and Use Committee (IACUC) of the National University of Singapore and Committee on Animal Care (CAC) of the Massachusetts Institute of Technology.
Statistical testing. The two-tailed Mann-Whitney test was used for P value computations unless otherwise specified.
RESULTS

Splenic RBC retention based on RBC deformability profiles.
RBC deformability profiles were characterized with a cell deformability cytometer, a microfluidic device which consists of triangular pillar arrays as described by Bow et al. (10) (see Fig. S1B in the supplemental material). The interpillar gap size was selected to be 3 m for all mouse RBC measurements. Individual RBCs deformed considerably as they passed through the device, and their traverse velocities were recorded to describe a population-wide deformability profile (Fig. 1A and B) . It is understood that a higher traverse velocity corresponds to higher deformability (10, 11, 13) . The deformability (velocity) profiles of RBCs sampled from PVB were compared to those of RBCs from SMB of the same mice. As the red pulp of the spleen is capable of retaining the abnormal and hardened RBCs, a fraction of splenic minced RBCs was attributable to the splenic trapped RBCs, while the remainder would represent healthy, normally circulating RBCs (34) . Therefore, two significant RBC subpopulations in the spleen minced RBCs were assumed: (i) "flowthrough" RBCs that share very similar mechanical properties with the peripheral RBCs and (ii) abnormal or senescent RBCs that were trapped in the splenic meshwork (16, 35) . Mathematically the population wide splenic RBC velocity profile can be expressed as follows: V SMB ϭ (1 Ϫ a 1 )V PVB ϩ a 1 V trapped , where V SMB , V PVB , and V trapped represent the average deformabilities (or velocities) of SMB, flowthrough, and splenic trapped RBCs, respectively, and a 1 denotes the fraction of SMB that came from spleen-trapped cells. Comparison of the normalized SMB velocity against the average velocity of the PVB sample of the same healthy mouse (Fig. 1A) showed that the RBC velocity of SMB was on average 15% lower than that of PVB (P Ͻ 0.001), reflected as a very gentle left shift in the velocity histogram (Fig.  1B) . This difference in blood deformability profiles was likely contributed by the second subpopulation in SMB samples, reflecting the fraction (i.e., a 1 ) of less-deformable RBCs trapped in the splenic meshwork. No significant difference in the size distributions of PVB and SMB RBC populations was identified (see Fig. S7 in the supplemental material).
A similar analysis was also performed on P. yoelii-infected mice, and the infected RBCs (iRBCs) were differentiated from uninfected RBCs (uRBCs) by Hoechst staining (36) . Figure 1C illustrates different deformability profiles of both uRBCs and iRBCs extracted from SMB and PVB samples. The average uRBC and iRBC velocities in SMB were, respectively, 21% and 30% lower than those of the uRBCs and iRBCs in the PVB (P Ͻ 0.001). Splenic sequestration of less-deformable RBCs is one likely explanation (15) . The reduced splenic iRBC velocity reconciled with the increased membrane shear modulus analyzed by micropipette aspiration (see Fig. S10 in the supplemental material) . The more pronounced difference between PVB and SMB in the infected mice (21% and 30%, compared to 10% in healthy mice, according to microfluidic velocity profiles) indicates a possibly increased splenic retention in mice after P. yoelii infection. This was further supported when examining the sizes of the healthy and P. yoelii infected mice spleens, as it has been demonstrated clinically that splenomegaly is linked with enhanced RBC clearance in spleen (17, 18, 37) : the length of an infected mouse spleen (Fig. 1E) was approximately 1.6 times that of a healthy mouse spleen (i.e., ϳ4ϫ volume enlargement), suggesting that a more intense RBC clearance is likely to have occurred. The deformability of parasite-free RBCs from healthy mice (hRBCs) and infected mice (uRBCs) as well as corresponding spleen sizes are summarized in Fig. S1C in the supplemental material.
Influence of malaria infection and/or antimalarial drug on RBC microcirculatory behavior and splenic RBC retention. There are clear differences in the deformabilities of RBCs obtained from PVB from healthy and infected mice ( Fig. 2A and B) . Normalized against the average velocity of healthy RBCs (hRBCs) from healthy mice, the average velocity of uRBCs from malaria-infected mice was 0.91, 9% slower than that of hRBCs (P Ͻ 0.001), and the average velocity of iRBCs was only 0.58, 42% slower than that of hRBCs (P Ͻ 0.001). These results provide strong in vivo evidence that malaria parasite infections not only significantly stiffen diseased RBCs but also have a visible impact on uninfected RBCs of the host. This direct impact on uRBCs could result in an increased retention of these cells in addition to iRBCs in the spleen.
The mechanical impact of the antimalarial drug CQ on infected mice was investigated. In the peripheral blood, the average velocity of uRBCs and iRBCs dropped by 17% and 42%, respectively, after CQ treatment (P Ͻ 0.01) (Fig. 2C and D) .
The spleen harvested from an infected mouse after 3 days of CQ treatment was 21% longer and 53% heavier than the spleen of another infected mouse receiving a PBS placebo ( Fig. 2G ; see (17, 37) . In other words, RBC congestion and retention in the red pulp could be an important contributing factor for the observed splenomegaly. This observation was in good agreement with our studies on splenic uRBC velocity ( Fig. 2E and F) : the average velocity of splenic uRBCs declined from 0.72 to 0.54 after CQ treatment (P Ͻ 0.001), and the percentage of splenic uRBCs moving at a velocity below 0.65 increased from 29% to 62% after CQ treatment, a sharp contrast to only 2.2% (19 out of 873) of untreated peripheral hRBCs that had a velocity of less than 0.65 (see Fig. S2 in the supplemental material). Details on the threshold value (0.65) determination are discussed below.
Effect of an antimalarial drug on RBC deformability profiles in peripheral blood and spleen of healthy mice. CQ was reported to be concentrated within malaria parasites by the formation of hematin, explaining the selective drug toxicity (38) . On the other hand, a high dose and/or prolonged chloroquine exposure showed detrimental effects on the spleen and brain tissues of a healthy host: significant increases in the protein and cholesterol levels were found in mice with prolonged CQ exposure, and disorganization in the red pulp was also reported (39) . With our observed effect of CQ on uRBCs from P. yoelii-infected mice, it was interesting to investigate the effect of CQ on the deformability of hRBCs from healthy mice.
Healthy mice were treated with CQ for up to 8 consecutive days. For hRBCs sampled from PVB, the mean hRBC velocity dropped by 9% and 15%, respectively, after 4 and 6 days of consecutive CQ treatment (P Ͻ 0.001). No further velocity change was seen on day 9 (P Ͼ 0.1) (Fig. 3A) . For hRBCs sampled from SMB, in additional to a gradual decrease, the velocity profile ap- In the healthy mice, the velocity of hRBCs in the spleen was significantly lower than that in peripheral blood venous blood (A) (P Ͻ 0.0001). Data were replotted into histograms, and a velocity threshold was then drawn at 0.65 (B). Similarly, in the infected mice, splenic iRBCs and uRBCs were significantly less deformable than corresponding peripheral blood cells (P Ͻ 0.001) (C). Data were replotted into histograms, and a velocity threshold of 0.40 was drawn (D). (E) Significant spleen enlargement was observed for malaria-infected mice. All deformability measurements were performed using a microfluidic device as shown in Fig. S1B in the supplemental material. Deformability data are from 6 to 9 mice per condition. peared to assume bimodal distribution, in which two normal distributions seemed to separate at a normalized velocity close to 0.7 (Fig. 3B) . Throughout the experiment, no significant size changes in the mice spleens were observed.
Bimodal estimation of splenic hRBC velocity profiles after CQ treatment. To study the distributions of hRBC velocity, Fig.  3B was replotted as histograms (see Fig. S3A in the supplemental material). We fit the data with both bimodal density functions and single normal distributions (see Fig. S3B to E in the supplemental material). A comparison of the two models via the likelihood ratio test (LRT) suggested that the bimodal distribution fit better to all SMB data (P Ͻ 0.05).
Since RBCs from SMB consist of two significant subpopulations of flowthrough and trapped RBCs, the contribution of each subpopulation to the overall velocity profile was assessed using probability density estimation, where a 1 denotes the fraction of cells coming from the spleen-retained population, b 1 and c 1 denote the mean and standard deviation of the spleen-retained RBC velocities, and b 2 and c 2 denote the mean and standard deviation of the normal RBC velocities. Parameters were estimated by the maximum-likelihood (ML) method, and all fitted results are listed in Fig. S4 in the supplemental material. The following equation was used:
where ⌽(.) represents the cumulative distribution function of the standard normal distribution. Based on the parametric fittings (red curves in Fig. S3 in the supplemental material), a 1 was estimated to be 0.39 in the control sample and increased to 0.68 after 6 days of consecutive CQ treatment. A CQ-induced alteration in RBC microcirculatory behavior was hence suggested by the in- (hRBCs) and from infected mice (uRBCs and iRBCs). The mean velocity of hRBCs is slightly higher than that of uRBCs (P Ͻ 0.001) and considerably higher than that of iRBCs (P Ͻ 0.001) (A). Data were replotted into histograms for better illustration (B). When infected mice treated with CQ, the iRBCs were found to be significantly less deformable (P Ͻ 0.001) (C). Data were replotted into histograms to illustrate the shift in population-wide RBC velocity (D). In the spleens of infected mice, uRBCs were also found to be significantly less deformable (P Ͻ 0.001) (E). A velocity threshold of 0.40 was drawn (F). Significant spleen enlargement was observed for malaria-infected mice after CQ treatment compared to infected mice treated with PBS only (G). Deformability data are from 6 to 9 mice per condition. The data for hRBCs, uRBCs, and iRBCs shown in panels A to D (control group in panels C and D) are repeated for easier comparison. (20), and splenic RBC retention has been suggested to be a potential contributing mechanism (17) . The possible anemic effect relating to increased splenic retention was hence investigated.
In mice infected with parasites, the average hemoglobin level had dropped from 19.3 Ϯ 2.2 g/dl to 16.0 Ϯ 1.3 g/dl when the parasitemia first reached 1 to 10% (Fig. 4, day 1) . Infected mice were then treated with either a PBS placebo or CQ for three consecutive days. By day 4, the parasitemia of the malaria-control (i.e., PBS-treated) mice reached 50 to 90%; all displayed severe anemic syndrome with an average hemoglobin concentration of 3.8 g/dl (Fig. 4, day 4) . In comparison, all malaria-drug (i.e., CQtreated) mice had parasitemia well below 1%. Despite the very low parasite burden, the average hemoglobin concentration in these malaria-drug mice was 10.3 g/dl, still significantly lower than that on day 1 before CQ treatment (16.0 g/dl) (P Ͻ 0.01). It is also noted that several malaria-control mice from different experimental batches died on day 4 and were disregarded in all measurements. The death could be associated with severe anemia and therefore extremely low hemoglobin concentrations. The actual hemoglobin concentrations in the malaria-control group were likely to be even lower.
DISCUSSION
While there have been several experimental results suggesting a significant role of splenic RBC clearance in human malaria pathology, this has never been validated in an in vivo setting with actual disease progression. This work aimed to study in vivo filtration of RBCs directly in a mouse malaria model and connect it with in vitro microfluidic flow cytometry-based deformability measurement. Clinical studies have shown both similarities and differences in the malaria pathology in humans and mice in terms of invasion characteristics and malarial anemia (20) . For the scope of our study, which concerned mainly mechanical RBC filtration in spleen, Plasmodium yoelii-infected mice were chosen as our mouse model for two reasons: first, mouse spleen trapping of Plasmodium yoelii-infected RBCs was demonstrated by prior experimental studies (40) , and second, similar to Plasmodium falciparum infection in humans, where the massive destruction of uninfected RBCs plays a significant role in malarial anemia, nonparasitized RBCs in Plasmodium yoelii-infected mice are also believed to contribute to murine malarial anemia (41) . Additionally, it should be noted that for a typical nonsinusal spleen, adhesion (rather than deformability) is believed to be the predominant mechanism for RBC removal, as the critical mesh size of the spleen is significantly larger. However, mouse spleen has very small fenestrations (1 to 3 m) that function mechanically like venous sinus, and RBC deformability therefore plays a major role in the splenic retention in mice (30, 31) . We also note that RBC surface properties may indeed have an impact on our analysis, as well as on RBC clearance in vivo (42) . To minimize confounding effects from RBC adhesion, we precoated the microfluidic device as well as RBC samples with 1% BSA or 20% FBS at least 20 min prior to the experiment.
It is worth mentioning that the deformability measured by a microfluidic device may not be equivalent to other measurements of cell deformability, such as by micropipette and ektacytometry. Cell deformability is a complex characteristic, depending on many factors, such as shear rate, that cannot be reduced to a single number (43) . Still, our deformability cytometry is arguably better than other static deformability measurements, in terms of mimicking the splenic filtration process and predicting individual cells' filterability in vivo. Indeed, the percentages of most likely retained RBCs as predicted using our velocity-based single-cell measurements are in good agreement with reported retention rates of Plasmodium falciparum RBC cultures (16) (see Fig. S6 in the supplemental material). The relatively low shear rate (Ͻ100 s Ϫ1 ) and low RBC flow velocity (up to 200 m/s) used in our system are consistent with those reported in vivo (44, 45) , and the strong correlation between in vitro deformability and in vivo splenic filtration profile demonstrated in our data also support this argument.
RBC deformability, splenic RBC retention, and malarial anemia. Severe malarial anemia frequently is associated with high mortality rates in children and pregnant women. RBC loss is considered the primary reason. Several mechanisms were proposed to account for such massive RBC loss. Antibody-mediated hemolysis, for example, is believed to play a major role in patients with hyperreactive malaria splenomegaly. Such a delayed hemolysis effect reflects diverse pathogenic processes and is intrinsically associated with RBC deformability in two ways: on one hand, hemolysis is partly caused by a membrane defect and reduced RBC deformability, on the other hand, hemolysis affects the deformability of surrounding RBCs (46) . Only recently, splenic RBC sequestration was proposed as another, simpler mechanism for RBC loss (15) : less-deformable RBCs get removed through the mechanical trapping of the spleen.
In the present study, a 37.5% drop in hemoglobin concentration (from 16.0 g/dl to 10.3 g/dl) was found in the CQ-treated malarial mice, while these mice exhibited fairly low parasitemia throughout. Such a large drop cannot be attributed mainly to the hemolysis of iRBCs. On the other hand, the stiffening of uRBCs and the significant spleen enlargement after CQ treatment suggest that spleen-related removal of uRBCs may play a major role in the observed anemia. The SMB displayed a significantly lowered transit velocity (Fig. 1A and C and 2C) , which is in line with the spleen filtering less-deformable RBCs. These observations, along with the earlier ex vivo results reported by Buffet et al. (14) , establish that RBC deformability has an important contribution in in vivo splenic clearance.
Additionally, for the first time, we demonstrate the important links connecting RBC deformability, splenic RBC retention and malarial anemia within the in vivo mouse setting. Several earlier studies have raised the possibility that intensified RBC retention in spleen exacerbates malarial anemia (7, 15 ). Here we demonstrate that reductions in RBC deformability and increased spleen size after malaria infection and CQ treatment exhibit strong correlations with the hemoglobin concentration in the test subject. It needs to be highlighted that CQ treatment, though it successfully reduced the parasite count in the infected mice, did not alleviate malarial anemia completely (Fig. 4) , suggesting that instead of parasite loading alone, splenic retention of uRBCs could be directly responsible for the excessive blood loss in malarial anemia. The significantly lowered hemoglobin concentration (from 16.0 g/dl to 10.3 g/dl after CQ treatment) appeared to correlate with the increased size and weight of mouse spleens (Fig. 4B) , which is consistent with reported clinical studies on human patients (17, 18, 22) . It must be noted that our retention model is rather simplified. Splenomegaly is highly multifactorial, so knowledge about other mechanisms, such as stress erythropoiesis and immune-mediated RBC destruction, would add to the understanding of the extremely complicated and dynamic process.
Chloroquine decreases RBC deformability and enhances splenic RBC retention. Another key finding of this study is that CQ has a direct impact on the red blood cell deformability. This decrease in RBC deformability provides another mechanism of action of CQ, as it leads to increased retention of iRBCs in the spleen. On the other hand, the fact that uRBCs show reduced deformability and consequently enhanced retention in the spleen can explain the high level of anemia seen at low parasitemia levels. To the best of our knowledge, we provide here the first demonstration of CQ-induced iRBC alteration of RBC deformability in vivo by measuring RBC velocities under flow.
The exact mechanism for CQ-induced reduction in RBC deformability (or velocity) is still unclear. Drug-induced changes in RBC size and shape are one possible factor (47) that could have a direct impact on RBC deformability (35, 43, 48, 49) . Indeed, significant changes in the size and sphericity of iRBCs (trophozoites and schizonts) were observed (see Fig. S9 in the supplemental material), and a slight increase in stomatocytes appears to be evident after 5 consecutive days of CQ treatment (see Fig. S8 in the supplemental material).
On the other hand, membrane stiffening can be another important source for drug-related iRBC rigidification, as CQ causes hemin-induced oxidative damage to the RBC membrane (46) . This possibility has been validated using micropipette aspiration; the average membrane shear modulus of iRBCs (trophozoites and schizonts) was found to have increased by 2-to 8-fold after CQ treatment (see Fig. S10 in the supplemental material). The impact on uRBCs and hRBCs in both healthy and malaria-infected mice could be due to a general increase of the oxidative stress in the system (50). An earlier study in which CQ was injected into healthy Swiss mice reported that after a 5-mg/kg i.p. CQ injection (an approximately 8-fold lower dose than our 0.8 mg/mouse), both glucose-6-phosphate dehydrogenase (G6PDH) and NADH diaphorase activities of normal RBCs increased significantly (51) , suggesting that the oxidative stress induced by CQ needs to be compensated for by increasing the activity of protective enzymes. On the other hand, RBCs deficient in G6PDH are more susceptible to oxidative damage, so that drug-induced oxidative stress could drastically decrease the deformability of these RBCs (52, 53) . It is also possible that CQ impacts RBC deformability through accelerating hemoglobin denaturation (54) . In all, the mild albeit significant reduction in hRBC and uRBC transit velocity (i.e., deformability) after CQ treatment is not unique to CQ; in a separate work, we also observed similar stiffening (in terms of both higher shear modulus and lower microcirculatory velocity) on uRBCs in vitro, from Plasmodium falciparum malaria-infected human blood incubated with artesunate, another popular antimalarial drug containing an endoperoxide bridge (13) .
Threshold prediction for splenic RBC retention. We are able to establish a clear relationship between RBC deformability and splenic RBC retention in a more quantitative manner, enabling us to study the effective threshold for retention. The term retention threshold was previously introduced (17) to describe the stringency of spleen as a mechanical filter. It was postulated that different retention thresholds may exist in healthy and malaria-infected hosts.
The average life span of red blood cells (RBCs) in BALB/c mice is approximately 40 days (55). Aged mouse RBCs, which are generally stiffer (56) , are trapped by mouse spleen for phagocytosis (57) . The spleen is therefore estimated to filter the least deformable 2.5% of red blood cells during microcirculation each day (17) . Based on this approximation, a cutoff line was drawn in Fig.  1D , marking the bottom 2.5% of PVB. The corresponding velocity range allows a rough estimation of the splenic retention threshold in healthy animals, which is around 0.65 of the normalized PVB velocity (see Fig. S2 in the supplemental material).
This threshold is cross-validated by the maximum-likelihood parametric fitting (see Fig. S4 in the supplemental), which resolved the SMB into two potential subpopulations according to the velocity distributions. The average velocity of the spleen-retained subpopulation, as suggested by parametric fitting, is also around 0.65 (i.e., b 1 ) (see Fig. S4 in the supplemental material).
It is interesting to note that a shift in the retention threshold was observed in mice after malaria infection. In contrast to healthy mice, for which the threshold was estimated to be centered at 0.65 (i.e., b 1 in the equation in "Bimodal estimation of splenic hRBC velocity profiles after CQ treatment" above; see Fig. S4 in the supplemental material), malaria-infected mice seem to have a lower threshold centered at 0.4 (Fig. 2F) . It is speculated that the enlargement of malarial spleen and the further spleen enlargement after CQ treatment have modified the pore size in the splenic meshwork and altered RBC microcirculation (2) . A lowered spleen retention threshold could imply an enlarged pore size in malariainfected mice, which is consistent with several independent studies (58-60) using intravital microscopy and magnetic resonance imaging, which reported dilated venous sinuses in the red pulp of enlarged spleen.
Conclusions. By employing a microfluidic single-cell deformability cytometer, we investigated the filterability or deformability of PVB and SMB from healthy and malaria-infected mice. Several interesting observations were made from the population-wide distribution of single RBC deformability. (i) RBCs extracted from SMB are less deformable than cells from PVB, suggesting that passive splenic RBC retention of less-deformable RBCs might have occurred, though the retention rate is typically low for healthy test subjects. (ii) CQ has a general stiffening effect on hRBCs, uRBCs, and iRBCs, which could result in an increased splenic RBC retention of all RBCs. The retention is evident both from RBC deformability measurement as well as spleen size quantification. It is likely that the CQ-induced alteration in RBC microcirculatory behavior is attributable to increased oxidative stress. (iii) Increased splenic RBC retention strongly corresponds to an anemic condition for both healthy and malaria-infected mice. Malarial anemia might be caused by the direct impact of intense splenic RBC retention, rather than high parasite loading. These new insights are expected to be useful in developing strategies to deal with malarial anemia, which is one of the severe pathological outcomes of (chronic) malaria infection.
